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Using ann-type~311!A GaAs substrate we have fabricatedin situback-gated GaAs/~Al,Ga!As hole
gases with mobilities ofm51.13106 cm2 V21 s21 at 30 mK. We have investigated both
experimentally and theoretically the scattering mechanisms that limit the mobility in both the

@ 2̄33# and@011̄# directions. Using a combination of front and back gates to keep the carrier density
constant, we can distinguish between scattering mechanisms which are primarily dependent on the
carrier density and those that are sensitive to the shape of the hole wave function. This approach also
eliminates complications arising from the variations of the Fermi surface anisotropy with carrier
density. Our data confirms that anisotropic interface roughness scattering, arising from the nature of
the ~311!A GaAs surface, is the dominant scattering mechanism at carrier densities down to
ps55.031010 cm22. © 1997 American Institute of Physics.@S0003-6951~97!03820-5#
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In recent years high mobility GaAs/AlGaAs hole g
heterojunctions for transport studies have been fabricate
the ~311!A surface of GaAs, where silicon acts a
acceptor.1–3One of the properties of using this surface is th
the mobility is found to be strongly anisotropic, the mobili

in the @ 2̄33# direction being greater than that in the@011̄#
direction.2,3 This anisotropy was originally attributed to th
anisotropy of the valence band which results in different

fective masses in the@ 2̄33# and@011̄# directions.2 However,
the mobility anisotropy is too large to be fully explained b
anisotropy in the Fermi surface; furthermore a large mobi
anisotropy is also found in electron gases grown on~311!B
GaAs substrates, where the Fermi surface is known to
circular and isotropic.4 The mobility anisotropy in$311% sys-
tems in now believed to be related to the surface structur
$311% GaAs. Both electron diffraction5 and scanning tunnel
ing microscopy~STM! studies6 of the ~311!A surface of
GaAs indicate that the surface reconstructs to form qu

periodic corrugations perpendicular to the@ 2̄33# direction,
with a 32 Å period and height of 2 ML (3.460.4 Å!. It is
this mesoscopic roughening of the surface that accounts
the mobility anisotropy observed in both electron and h
gases formed on$311% surfaces.3,4

In this letter we present transport properties of a h
mobility two dimensional hole gas~2DHG! measured at 30
mK, using both a ‘‘back’’ gate situated below the 2DHG,
well as having a surface Schottky ‘‘front’’ gate. The adva
tages of having both gates is the ability to have independ
control over both the carrier density and the shape of the h
wave function. In particular, it is possible to maintain a co
stant carrier density whilst moving the holes either towa
or away from the heterointerface. This allows us to dist
guish between scattering mechanisms which are prima
dependent on the carrier density and those that are also
sitive to the shape of the hole wave function. Furthermore
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eliminates any complications that may arise from variatio
of the Fermi surface anisotropy with carrier density.

The samples were grown by molecular beam epita
~MBE! and consisted of 200 Å GaAs, a 2000
Al0.33Ga0.67As back barrier layer, 2mm GaAs, 500 Å un-
doped Al0.33Ga0.67As spacer layer, 2000 Å Al0.33Ga0.67As
doped at 1.031017 cm23 and a 170 Å GaAs capping laye
The back-gate is situated only 2mm from the 2DHG such
that only small biases are required and there are no inho
geneities in the hole gas, even at low densities. The w
was processed into an orthogonal Hall bar geometry w
AuBe ohmic contacts to the 2DHG, AuGeNi Ohmic contac
to the back gate and a NiCr/Au front Schottky gate. Magn
totransport measurements were carried out at 30 mK.
back gate could be operated in the range20.5 V,Vbg,1.1
V, and the front gate in the range20.4 V,Vfg,0.1 V, with
gate leakage currents below 2nA. The carrier densityps was
found to vary linearly both with front- and back-gate bia
such that]ps/]Vg agreed to within 8% of the values ex
pected from the growth specifications.

Figure 1 shows the mobilities in both the@ 2̄33# and

@011̄# directions as a function ofps , obtained by sweeping
Vfg at different values of Vbg. At low densities
(ps,4.031010 cm22) there is little or no anisotropy. As
Vfg is made more negative~increasing the carrier density!
m [ 2̄33] increases monotonically. In contrast,m [011̄] initially
increases and then above a certain carrier density is obse
to decrease. This decrease has been attributed to the inc
ing importance of anisotropic interface roughness scatte

in the @011̄# direction at high carrier densities.3 At a fixed
ps , the mobility in both directions is observed to decrease
Vbg increases. In this situation, asVbg is increased,Vfg has to
decrease to maintain a constantps . The net effect is to push
the hole wave function further up against the heterointerf
thereby increasing the interface roughness scattering.

In order to understand the physical mechanisms de
mining the mobility in this sample, a simple calculation
the mobility in the two orthogonal directions, taking int
/70(20)/2750/3/$10.00 © 1997 American Institute of Physics
to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/aplo/aplcr.jsp
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account the deformation of the wave function by the fro
and back gate, was performed. Scattering from the follow
sources was considered:~i! remote ionised impurities
(m rii ) , ~ii ! anisotropic interface roughness (m ir[ 2̄33] ,
m ir[011̄] ), and~iii ! residual impurity scattering (mbk). The cal-
culations were performed for T50 K, using a Fang-Howard
wave function, with screening included in the long wav
length limit. In a normal heterostructure the shape of t
wave function is determined solely byps , which is con-
trolled by the front gate. In our system the variational para
eter b that determines the shape of the wave funct
c(z)5b3/2/(2A2)zexp(2bz/2) now depends on bothps and
Vbg: b

358mz* /\
2@33e2ps/64«L23eEbg/4#. HereEbg is the

electric field due to the back-gate bias,mz* is the effective
mass perpendicular to the heterojunction,«L is the dielectric
constant of GaAs, andb21 is a measure of the width of th
2D hole gas.7,8

The mobilitiesm rii andmbk were calculated as describe
in Ref. 9, whilst calculation of the interface roughne
scattering10 was modified such that the effective field pus
ing the holes up against the heterointerfaceFeff now includes
a term due to the back gate:

Feff5E dzuc~z!u2
]U

]z
5
pse

2

2«L
1eEbg ~1!

where U(z) is the potential energy. In this equation th
front-gate bias is represented by the dependence ofFeff on
ps , and so does not appear explicitly, whereas the back
affects bothps andEbg. In our analysis the interface rough
ness is characterized by three parameters: the amplitud
the roughnessD, and two ~Gaussian! correlation lengths
L [ 2̄33] andL [011̄] . The anisotropy of the scattering rate w
incorporated using a method described in Ref. 11.

In this sample only the heavy hole band is occupied,
the asymmetric confining potential in a single heterojunct
leads to a lifting of the spin degeneracy away fromk50 at
B50.12 To account for this we have used a two band mod
with effective masses of 0.23me and 0.38me for the two
hole species,3 but have neglected the possibility of intersu

FIG. 1. Experimental mobilities as a function of carrier density for both

@011̄# and @ 2̄33# directions obtained by sweeping the front-gate at inc
mental values of 0.05 V in the back-gate voltage.
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band scattering. Finally, the mobilities due to the vario
scattering mechanisms were combined using Matthiess
rule, to obtain the total mobilitiesm [ 2̄33] andm [011̄] .

Figure 2 shows both the experimental and theoret
values ofm [ 2̄33] andm [011̄] as a function ofps , for Vbg50 V.
The dashed lines show the calculated mobilities for the v
ous scattering mechanisms, using the following paramet
Ndoping50.631017 cm23, Nbk5531013 cm23, D52 Å,
L [ 2̄33]5130 Å andL [011̄]532 Å. These parameters agre
well with the experimental growth conditions used, and w
the size and height of the mesoscopic surface roughness
served in Ref. 6. The same parameters were found to
good agreement between theory and experiment for all ba
gate biases studied. From the calculations we see that at
ps the mobility is limited by interface roughness scatteri
and is thus highly anisotropic. As the carrier density is
duced the dominant scattering mechanism changes from
terface roughness to remote ionised impurity scattering,
the mobility thus decreases and becomes more isotropic.
experimental data is in good agreement with the calcula
mobilities, although we find that at lowps the mobility an-
isotropy does not disappear as fast as the calculations
gest. Better agreement with the experimental data at lo
carrier densities can be achieved by altering the correla
lengthsL [ 2̄33] andL [011̄] . By using larger island sizes in th
calculations, it was possible to reproduce the mobility anis
ropy observed at low carrier densities, but significan
worse agreement was then found at higher carrier densi
These results are consistent with the STM studies of
~311!A surface: at high carrier densities the mobility is dom
nated by scattering from the quasi-periodic~32 Å! corruga-
tions and is thus highly anisotropic. At lower carrier den
ties it is the large elliptical islands that are important
determining the interface roughness scattering.

We now turn to the effects of keeping the total carr
density constant, whilst using both gates to move the ho
towards or away from the heterointerface. Figure 3 shows
mobility ratio m [ 2̄33]/m [011̄] , measured at several differen
carrier densities as a function ofVbg. For all densities mea-

-
FIG. 2. Experimentally measured and theoretically calculated mobilities
function of carrier density forVbg50V. The solid lines show the theoretica
mobilities due to the combined scattering mechanisms in the two directi
the experimental data is marked with symbols.
2751Simmons et al.
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sured, the effect of increasingVbg ~whilst decreasingVfg) is
to increase the mobility ratio. By increasingVbg we are ef-
fectively pushing the holes up against the heterointerf
leading to a reduction in the mobility in both the@ 2̄33# and

@011̄# directions. Since interface roughness scattering
more important in determining the mobility in the@011̄# di-
rection than the@ 2̄33# direction,m [011̄] will decrease more
rapidly with Vbg thanm [ 2̄33] , hence the increase in the mo
bility ratio. Figure 4 shows a theoretical fit to the experime
tal mobilities in them [ 2̄33] andm [011̄] directions as a function

FIG. 3. The measured mobility ratio,m [ 2̄33]/m [011̄] as a function ofVbg for
different carrier densities~cm22).

FIG. 4. Experimentally measured and theoretically calculated mobilities
function of Vbg for ps51.2531011cm22. The inset shows the measure
~symbols! and calculated~solid line! mobility ratio.
2752 Appl. Phys. Lett., Vol. 70, No. 20, 19 May 1997
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of Vbg. The same fitting parameters are used as in fig. 2
can be seen that both the background and remote ion
impurity scattering rates are almost independent of the ba
gate bias, as they are primarily determined by the the Fe
wave vectorkF ~and hence byps). The interface roughnes
scattering, however, is sensitive to the shape of the w
function, so increasingVbg causes the mobilities in both th

@ 2̄33# and @011̄# directions to decrease, although not at t
same rate. The fit is shown here for one carrier density,
was found to be in good agreement for all carrier densi
presented in fig. 3. The inset to fig. 4 shows a good fit to
mobility ratio obtained from modeling the data at one fix
carrier density confirming the validity of the simple mode

In summary, we have reported the fabrication of the fi
in situ high mobility back-gated GaAs-AlGaAs 2D hole ga
The scattering mechanisms limiting the mobility have be
investigated both theoretically and experimentally and
lated to recent STM studies of the~311!A GaAs surface. In
particular, we have demonstrated how a combination of b
and front gates can be used to deform the hole gas w
function and therefore alter the relative importance of int
face roughness and ionised impurity scattering at cons
carrier density. In future, such devices as these will be
portant for studies of bilayer hole systems and zero-field s
splitting in single hole gases.
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